Summary. We have cloned into plasmids 17 of 18 lettuce chloroplast DNA SacI fragments covering 96% of the genome. The cloned fragments were used to construct cleavage maps for 10 restriction enzymes for the chloroplast genomes of lettuce (Lactuca sativa) and Barnadesia caryophylla, two distantly related species in the sunflower family (Asteraceae). Both genomes are approximately 151 kb in size and contain a 25 kb inverted repeat. We also mapped the position and orientation of 37 chloroplast DNA genes. The mapping studies reveal that chloroplast DNAs of lettuce and Barnadesia differ by a 22 kb inversion in the large single copy region. Barnades/a has retained the primitive land plant genome arrangement, while the inversion has occurred in a lettuce lineage. The endpoints of the derived lettuce inversion were located by comparison to the well-characterized spinach and tobacco genomes. Both endpoints are located in intergenic spacers within tRNA gene clusters; one cluster being located downstream from the atpA gene and the other upstream from the psbD gene. The endpoint near the atpA gene is very close to one endpoint of a 20 kb inversion in wheat (Howe et al. 1983; Quigley and Weft 1985) . Comparison of the restriction site maps gives an estimated sequence divergence of 3.7% for the lettuce and Barnadesia genomes. This value is relatively low compared to previous estimates for other angiosperm groups, suggesting a high degree of sequence conservation in the Asteraceae.
Introduction
Recent studies of over 200 species of flowering plants representing 30 families have revealed a high level of conservation of the chloroplast genome in terms of its size, organization, and primary sequence (reviewed in Whitfeld and Bottomley 1983; Giltham et al. 1985; Palmer 1985a, b) . All angiosperm chloroplast DNAs (cpDNAs) are circular molecules and most range in size from 135-160 kb. The chloroplast genomes of all but one group of legumes (Kolodner and Tewari 1979; Koller and Delius 1980; Thompson 1981a, 1982; Chu and Tewari 1982) are organized into one large and one small single copy region separated by an inverted repeat ranging in size from 10-76 kb. Comparative gene mapping and cross-hybridization studies have shown that cpDNAs from 25 of the 30 examined families of flowering plants have the same genome arrangement (reviewed in Palmer 1985a, b) . The gene order common to most angiosperms is also present in other land plants, including a fern and a gymnosperm Stein 1982, 1986) . Rearrangements of varying complexity have been documented in five angiosperm families; the simpler alterations all appear to be inversions. The best-characterized of these with respect to its endpoint sequences is a 20 kb inversion in wheat (Howe et al. 1983; Quigley and Weil 1985; Howe 1985) , which is also present in barley (Oliver and Poulson 1984) and maize (Palmer and Thompson 1982) .
We are interested in comparing chloroplast DNAs of representative species of Asteraceae in order to assess phylogenetic relationships at higher taxonomic levels in this large and biologically diverse family of flowering plants. As a preliminary basis for these studies, we have constructed detailed restriction site and gene maps of the chloroplast genomes of two distantly related species, lettuce (Lactuca sativa; tribe Cichorieae) and Barnadesia Fromm et al. (1986 ) J Zurawskiet al. (1986a ) P q e M. Shinozaki et al. (1986c) k Zurawski et al. (1982) r f Sijben-MuUer et al. (1986) 1 Alt et al. (1984) s g Heinemeyer et al. (1984) m Rasmussen et al. (1984) t h Herrmann et al. (1984) n Ohme et al. (1986) Cozens and Walker (1986) Cozens et al. (1986 ) Huttly and Gray (1984 , unpublished data) Westhoff et al. (1985 ) Shinozaki et al. (1986a ) Oishi et al. (1984 caryophylla (tribe Mutisieae). We show that Barnadesia cpDNA has the same organization as the majority of land plants, whereas lettuce cpDNA contains a 22 kb inversion in its large single copy region. We locate the inversion endpoints within tRNA gene clusters situated downstream from the atpA gene and upstream from the psbD gene. The lettuce and Barnadesia genomes are estimated to differ by 3.7% in nucleotide sequence, with most of the changes occurring in the single copy regions. The evolutionary implications of the inversion and the low level of sequence divergence within the Asteraceae are discussed.
Materials and methods
Chloroplast DNAs of lettuce (Lactuca sativa) and Barnadesia caryophylla were isolated by the sucrose gradient technique (Palmer 1982 (Palmer , 1986 . Lettuce was purchased from a grocery store and Barnadesia was obtained from the Matthaei Botanical Gardens of the University of Michigan. The DNAse I procedure of Kolodner and Tewari (1975) was used to isolate highly purified lettuce cpDNA for cloning experiments. Restriction endonuclease digestions, agarose gel electrophoresis, bidirectional transfer of DNA fragments from agarose gels to Zetabind (AMF CUNO) nylon filters, labelling of recombinant plasmids by nick-translation, filter hybridizations, and autoradiography were performed as described (Palmer 1982 (Palmer , 1986 . Restriction enzyme digests of lettuce and Barnadesia cpDNAs were electrophoresed in a 0.9% agarose gel. Electrophoresis of cloned spinach and tobacco cpDNA fragments was performed in a 4% gel using a mixture of 3% Nu-Sieve (FMC) and 1% Sea-Plaque (FMC) agarose. This allowed for detection of restriction enzyme fragments as small as 70 base pairs (bp) by filter hybridization. All hybridizations were performed at 65 °C for 14-16 h. Before reusing the nylon filters, the hybridized probes were washed off with 0.4 N NaOH at 42 ° for 1 h, followed by a 30 min wash in 0.1 x SSC (15 mM NaC1, 1.5 mM trisodinm citrate), 0.5% SDS, and 0.2 M Tris (pH 7.5).
The lettuce chloroplast genome was cloned using the restriction enzyme SacI, which generates 18 restriction fragments ranging in size from 0.4-18.8 kb. Five/~g of DNase I-purified lettuce cpDNA was digested with SacI and ligated with 50 ng of SaeI digested pUC12. The ligation mixture was used to transform E. coli strain JM83 and recombinant white colonies were selected on ampiciUin/X-gal plates. Insert sizes of recombinant plasmids from two hundred white colonies were determined by restriction enzyme analysis of purified (Birnboim and Doly 1979) plasmid DNA. Subclones of several cloned lettuce SacI fragments were prepared by digesting the clones with an enzyme that cuts once each within the insert and the polylinker of the vector, and then religating the remaining portion of the lettuce insert to the vector. Subclones of a 16.2 kb BamHI partial clone from tobacco (containing BamHI fragments 4, llb, and 15; Hildebrand et al. 1985) and of a 13.5 kb PstI clone from spinach (Palmer and Thompson 1981b) were prepared by cutting the desired restriction fragment out of an agarose gel, followed by electroelution, phenol and chloroform extraction, and ethanol precipitation, prior to tigation to the appropriately digested pUC12 vector.
The 38 cpDNA fragments used as gene probes are listed in Table 1 . All of these probes are cloned except for those containing the rps7, rpoA, and 3' petD genes. These three restriction fragments (Table 1) were sliced out of a 1% Sea-Plaque low melting temperature agarose (FMC) gel and nick-translated directly in the agarose. Recombinant plasmids containing probes 11 to 16 were constructed by K. Ko and J. Palmer by subcloning the indicated restriction fragments (Table 1 ) from spinach PstI clones (Palmer and Thompson 1981b) . The first four of these probes were cloned into pBR322 and the other two into pDPL13. The remaining 29 gene probes were constructed by isolating the indicated restriction fragments (Table 1 ) from cpDNA clones of spispinach and pea (Palmer and Thompson 1981b) and tobacco (gift of M. Sugiura) and ligating them to the appropriately digested pUC8, pUC12, pUC18, or plC20H vector. Transformation, selection, and identification of recombinant plasmids were performed as described above for lettuce cpDNA cloning.
Results

Physical mapping of lettuce and Barnadesia chloroplast DNA
The shotgun strategy for cloning lettuce cpDNA yielded clones containing 17 of the 18 SacI restriction fragments (Fig. 1) . Subsequent attempts to clone the single uncloned fragment after its gel-isolation were unsuccessful. However, approximately 9.0 kb of the 15.4 kb SacI fragment is located within the inverted repeat and is contained within the cloned 12.3 kb SacI fragment. Therefore, the lettuce clone bank covers 96% of the chloroplast genome.
CpDNAs from lettuce and Barnadesia were digested with the restriction endonucleases BstXI, EcoRV, HaelI, HindlII, KpnI, NcoI, NsiI, SacI, XbaI, and XhoI and the resulting restriction fragments were separated by agarose gel electrophoresis. Summation of the restriction fragments for all 10 enzymes (Tables 2 and 3) indicates that lettuce and Barnadesia have a genome size of approximately 151 kb.
The cloned SacI fragments from lettuce were used to construct restriction maps for the ten enzymes by the overlap hybridization procedure described by Palmer (1986) . In addition, a 9.0 kb PstI cloned restriction fragment from petunia (Palmer et al. 1983a ) was used to map restriction sites within the region of the chloroplast genome not covered by the lettuce clones. Reusable nylon filters containing single digests of lettuce andBarnadesia cpDNAs with the ten enzymes and double digests with SacI and each of the other nine enzymes were probed with each of the lettuce and petunia clones. The results of these hybridizations allowed us to construct complete physical maps for the ten enzymes (Fig. 2) . The dominant structural feature of both genomes is a large inverted repeat, which we estimate has a maximum size of 25.7 kb for lettuce and 26.1 kb for Barnadesia, and a minimum size of 24.7 kb for both species.
Gene mapping of lettuce and Barnadesia chloroplast DNA
Thirty-seven genes were mapped on the chloroplast genomes of lettuce and Barnadesia. Thirty-five of the genes were located by hybridizing 38 gene probes (Table 1) constructed from the well-characterized cpDNAs of pea, spinach, and tobacco to the nylon filters used in the restriction site mapping. Differential hybridization of 5' and 3' gene probes enabled us to assign the direction of transcription for most of the genes (Table 1, Fig. 2 ). In several instances where 5' and 3' probes were not available, the orientation of genes was based on their cotranscription with genes for which we did have both 5' and Table 2. 3' probes. For three genes, rpoB, rpoC, and rpsl6, the direction of transcription could not be determined by the above criteria, but we have indicated their orientation in Fig. 2 in the same direction relative to nearby genes as in the pea and tobacco genomes.
The 23S and 16S ribosomal RNA genes were located in the lettuce and Barnadesia genomes by taking advantage of highly conserved PvulI restriction sites present in most land plants. PvulI fragments of approximately 4.2 kb and 2.7 kb have been found to define the location of the 23S and 16S rRNA genes in a gymnosperm (Ginkgo, Palmer and Stein 1986), a fern (Osmunda, Palmer and Stein 1982) , and many angiosperms (e.g., pea and mung bean, Palmer and Thompson 1981a; tobacco, Kusuda et al. 1980; soybean, Palmer et al. 1983b; and tomato, Palmer and Zamir 1982) . The manner in which the PvulI fragments frame the 23S and 16S rRNA genes is describedin detail by Palmer and Stein (1982) . Restriction digests of lettuce and Barnadesia cpDNA revealed the presence of these two conserved fragments in these taxa. A complete PvulI restriction map (data not shown) confirmed the location of the sites in lettuce. The direction of transcription of the rRNA genes was assigned by analogy with the known orientation of the rRNA operon in all chloroplast and eubacterial genomes (reviewed in Bohnert et al. 1982; Whitfeld and Bottomley 1983; Gillham et al. 1985; Palmer 1985a, b) .
Comparative organization of lettuce and Barnadesia chloroplast genomes
A comparison of restriction site and gene maps of lettuce and Barnaclesia (Figs. 2 and 3) shows that their chloroplast genomes differ by an inversion within the large single copy region. This is especially evident by the difference in order and direction of transcription of the rpoB through atpA genes. Barnadesia has the primitive genome organization common to most other land plants, including a fern and gymnosperm (Palmer and Stein 1986) and most angiosperms (Palmer 1985a, b) , while the inversion is derived in the lettuce lineage.
The inversion endpoints are located downstream from the atpA gene and upstream from the psbD gene of Barnadesia (Fig. 3) . A more precise localization of both endpoints was obtained by hybridizing four small lettuce subclones to SacI digests ofBarnadesia cpDNA. Lettuce 0.7 kb EcoRI and 0.9 kb EcoRI-SalI fragments (see enlargement at bottom of Fig. 3 ) hybridize only to the Barnadesia 5.8 kb SacI fragment, while the 2.0 kb EcoRI- (Fig. 3) . This suggests that both endpoints are very near an EcoRI site (Fig. 3) and that the inversion is approximately 22 kb in size.
Location of lettuce inversion endpoints relative to tobacco and spinach
We determined more precisely the location of the inversion endpoints by hybridizing four cloned lettuce fragments (Fig. 3 , enlargement at bottom) to the appropriate regions of spinach and tobacco cpDNA. These species were selected because their chloroplast genomes are not rearranged and because sequencing studies have revealed the precise location of genes and spacer sequences in the region where the lettuce inversion endpoints are located. The tobacco chloroplast genome was used for locating the inversion endpoint downstream from the atpA gene. Figure 4 summarizes the location of genes and selected restriction enzyme sites in this region based on several recent sequencing studies Sugiura 1983, 1984; Sugita et al. 1985; Shinozaki et al. 1986a, b, c) . We initially hybridized the 0.7 kb EcoRI and 0.9 kb EcoRI-SalI lettuce fragments to Southern blots containing digests of the 3.5 kb and 9.4 kb cloned BamHI fragments from tobacco (Fig. 4) . The 0.7 kb probe hybridized to a 1.1 kb HindlII fragment and the 0.9 kb probe to HindlII-BamHI fragments of 0.56 kb and 1.2 kb (Fig. 4) , suggesting that one inversion endpoint is located within either the 1.1 kb or 0.56 kb fragments. The location of this endpoint was mapped more precisely by digesting the 1.1 kb HindlII and 0.56 kb HindlII-BamHI restriction fragments with four fourbase pair cutting restriction enzymes (Fig. 4) , separating the resulting fragments on a 4% Nu-Sieve agarose gel, and hybridizing the same two lettuce fragments to filter blots of this gel. The 0.7 kb EcoRI fragment hybridized to a 630 bp region defined by a Sau3A and HpalI site and containing ORF2 and tRNA set, while the 0.9 kb EcoRI-SalI probe hybridized to a 195 bp Sau3A restriction fragment that contains one exon and part of the intron of the tRNA G1y gene (Fig. 4) . Thus, the inversion endpoint is located between the tRNA set and tRNA GIy genes, which are separated by an 800 bp spacer in tobacco. Table 1 and two ribosomal RNA genes. The block of genes labelled rpsll-rpll6 includes five genes in the following order: rpsll, infA, rps8, rp114, and rpsl6. The rp122 gene is located between rps8 and rps19. The scale at the bottom of each map is in kb. The rpoB' gene in Figs. 2 and 3 is now by convention referred to as rpoC (Shinozaki et al. 1986c ). The maps in Figs. 2 and 3 portray the chloroplast genome in only one of the two orientations of the small single copy region (Palmer 1985b) Sugiura 1983, 1984; Sugita et al. 1985 ; Shinozaki et al. 1986a Shinozaki et al. , 1986b . (Holschuh et al. 1983 (Holschuh et al. , 1984a (Holschuh et al. , 1984b . The brackets show the maximum extent of homology between spinach cpDNA and lettuce 1.1 kb EcoRI and 2.0 kb EcoRI-BgllI fragments. Sizes of fragments are given in kb. Abbreviations for restriction enzymes are: B BamHI; E EcoRI; H HindIII; P PstI
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The inversion endpoint upstream from the psbD gene was located by comparison to the spinach chloroplast genome. Figure 5 shows the position of genes and selected restriction sites in this portion of the genome based on site mapping and sequencing studies by Holschuh et al. (1983 Holschuh et al. ( , 1984a . A Southern blot containing BamHI, EcoRI, and HindlII digests of a cloned 13.5 kb PstI spinach fragment (Palmer and Thompson 1981b) was probed with the 1.1 kb EcoRI and 2.0 kb EcoRI-BgllI lettuce fragments (Fig. 3) . The 1.1 kb EcoRI fragment hybridizes to a 1.7 kb BamHI-HindlII spinach fragment and the 2.0 kb EcoRI-BgllI probe to EcoRI fragments of 1.5 kb and 0.7 kb (Fig. 5) suggesting that the inversion endpoints is within one of these three spinach fragments. The 1.7 kb BamHI-HindlII fragment was subcloned, digested with BgllI, ClaI, EcoRI, HaelII, and HpalI, and the resulting restriction fragments were electrophoresed in a 4% NuSieve agarose gel, blotted, and probed with the 1.1 kb EcoRI lettuce fragment. The lettuce probe hybridizes to a 640 bp HindlII-HaelII restriction fragment, suggesting that the inversion endpoint is between the tRNA Thr and tRNA alu genes (Fig. 5) , which are separated by 440 bp in spinach. The failure of both the 2.0 kb EcoRI-BgllI and 1.1 kb EcoRI fragments to hybridize to the adjacent spinach fragments, which contains three tRNA genes (Fig. 5) , suggests that there may have been a second rearrangement in this region of the lettuce chloroplast genome. The position of these three tRNA genes was located by hybridizing a gel-isolated 0.7 kb BgllI-BamHI spinach fragment (Fig. 5) to filter blots containing digests of lettuce cpDNA. Sequences homologous to this spinach fragment are within a 0.7 kb BamHI lettuce fragment 2.7 kb from the approximate location of the inversion endpoint (Fig. 3 , enlargement at bottom).
Discussion
Structure of the lettuce andBarnadesia chloroplast genomes
The chloroplast genomes of lettuce and Barnadesia are similar in size and organization to those of other angiosperms. The only major difference is a 22 kb inversion in the large single copy portion of the lettuce genome. Our size estimates of 151 kb for the entire genome and 25 kb for the inverted repeat are very close to those obtained in two previous studies of Asteraceae species. Kolodner and Tewari's (1979) electron microscopy study of lettuce cpDNA gave estimates of 155 kb for the entire genome and 24.4 kb for the inverted repeat. Restriction site mapping of cpDNA from safflower (Carthamus tinctorius) gave a genome size of 151 kb and an inverted repeat size of 25 kb (Ma and Smith 1985) .
The retention of the primitive land plant genome organization in Barnadesia cpDNA suggests that this species represents an ancestral lineage of the Asteraceae. A survey of the systematic distribution of the lettuce cpDNA inversion has revealed that this arrangement defines an ancient evolutionary split within this large and diverse flowering plant family (Jansen and Palmer unpublished). A similar situation occurs in the Onagraceae in which Clarkia (Sytsma and Gottlieb 1986) and Epilobium (Schmitz and Kowallik 1986) have retained the primitive genome organization, whereas Oenothera (Herrmann et al. 1983 ) has a 45 kb inversion. Nei and Li (1979) e Ribosomal DNA restriction sites were delimited by conserved PvulI restriction fragments (see results of gene mapping for explanation)
Comparison of lettuce inversion with other chloroplast DNA inversions
In addition to the Asteraceae, five other angiosperm families, the Campanulaceae, Fabaceae, Geraniaceae, Onagraceae, and Poaceae, have inversions in their chloroplast genomes (reviewed in Palmer 1985a, b) . It is interesting that the inversion we describe here in lettuce has one of its endpoints in the same region of the genome, just downstream from atpA, as do four of the best characterized of these inversions, from pea (Palmer et al. 1985) , mung bean Thompson 1982, Palmer et al. 1987) , Oenothera (Herrmann et al. 1983) , and wheat (Howe et al. 1983; Well 1985) . The chloroplast genome of tobacco, which has the same gene order as the majority of land plants, has been completely sequenced in this region Sugiura 1983, 1984; Sugita et al. 1985; Shinozaki et al. 1986a, b, c) . These studies have revealed several intergenic spacers as large as 1,000 bp separating tRNA genes downstream from the atpA gene (Fig.  4) . Any of these spacers could easily accommodate the disruptive effect of an inversion. The most thoroughly characterized cpDNA rearrangement is a 20 kb inversion in wheat, which has also been documented in barley (Oliver and Poulson 1984) and maize (Palmer and Thompson 1982) . Gene mapping and sequencing studies (Howe 1985; Quigley and Weil 1985) have shown that the inversion endpoint downstream from the atpA gene is located in a 170 bp spacer sequence separating the genes for tRNA Arg and tRNA GIy (Fig. 4 shows the location of these genes in tobacco). The lettuce inversion endpoint occurs a short distance from the wheat endpoint in a spacer between the tRNA GIy and tRNA set genes (Fig. 4) . A much greater distance separates the location of the second inversion endpoint in wheat and lettuce. In wheat this endpoint is between the tRNA Met and psaA genes (Quigley and Weil 1985) whereas in lettuce it is between the tRNA Tar and tRNA Glu genes upstream from the psbD gene (Fig. 5) . The wheat chloroplast genome has two smaller rearrangements within the 20 kb inversion (Quigley and Well 1985) . There also appears to be a second, smaller inversion in the lettuce genome located at one end of the 22 kb inversion, but more detailed investigations are needed to characterize this rearrangement.
Chloroplast DNA sequence divergence
We estimated levels of nucleotide sequence divergence between various regions of the cpDNAs of lettuce and Barnadesia using equations 9 and 10 of Nei and Li (1979 ;  Table 4 ). Restriction sites within the 22 kb inversion were not included in our calculations because of uncertainty in aligning the rearranged sites. The remainder of the genome has diverged by 3.7% in nucleotide sequence, with the highest level of change occurring in the large and small single copy regions (Table 4 ). The inverted repeats show only 1.4% divergence and all of this change is due to site differences in the regions outside of the ribosomal RNA genes. A high degree of restriction site conservation within the inverted repeat has also been found in cpDNAs of Pennisetum (Clegg et al. 1984) , several legumes (Palmer et al. 1983b) , and Brassica (Palmer et al. 1983a) .
Comparative restriction site mapping has revealed low levels of nucleotide change among closely related species from several angiosperm families. The range of intrageneric divergence values includes 0-0.7% in Lycopersicon (Palmer and Zamir 1982) , 0.3-2.6% inBrassica (Palmer et al. 1983a ), 0-0.3% in Lisianthius (Sytsma and Schaal 1985) , 0.2-1.5% in Clarkia (Sytsma and Gottlieb 1986) , 0-6% in Linum (Coates and Cullis 1987) , and 0.2-4.4% in Atriplex (J. Palmer unpublished). Intergeneric divergence values were estimated at 5.5% and 10.8% in comparisons of three legumes (Palmer et al. 1983b ). Our total genome estimate of 3.7% between lettuce and Barnadesia is surprisingly low given these resuits and also since these two genera are thought to be very distantly related, as reflected by their taxonomic placement in different tribes and subfamilies of the Asteraceae (Cronquist 1955 (Cronquist , 1977 Wagenitz 1976) . This low level of sequence divergence suggests that comparative restriction site mapping should be a valuable tool for resolving phylogenetic relationships at higher taxonomic levels in the Asteraceae.
